Background/Aims: Heart rate variability (HRV) refers to the fluctuation of the time interval between consecutive heartbeats in humans. It has recently been discovered that cardiomyocytes derived from human embryonic and induced pluripotent stem cells show beat rate variability (BRV) that is similar to the HRV in humans. In the present study, clinical aspects of HRV were transferred to an in vitro model. The aims of the study were to explore the BRV in murine embryonic stem cell (mESC)-derived cardiomyocytes and to demonstrate the influence of antiarrhythmic drugs on BRV as has been shown in clinical trials previously. Methods: The Microelectrode Array (MEA) technique was used to perform short-term recordings of extracellular field potentials (FPs) of spontaneously beating cardiomyocytes derived from mESCs (D3 cell line, αPig-44). Offline analysis was focused on time domain and nonlinear methods. Results: The Poincaré-Plot analysis of measurements without pharmacological intervention revealed that three different shapes of scatter plots occurred most frequently. Comparable shapes have been described in clinical studies before. The antiarrhythmic drugs Ivabradine, Verapamil and Sotalol augmented BRV, whereas Flecainide decreased BRV parameters at low concentrations (SDSD 79.0 ± 8.7% of control at 10 -9 M, p < 0.05) and increased variability measures at higher concentrations (SDNN 258.8 ± 42.7% of control at 10 -5 M, p < 0.05). Amiodarone and Metoprolol did not alter BRV significantly. Conclusions: Spontaneously beating cardiomyocytes derived from mESCs showed BRV that appears to be similar to the HRV known from humans. Antiarrhythmic drugs affected BRV parameters similar to clinical observations. Therefore, our study demonstrates that this in vitro model can contribute to a better understanding of electrophysiological properties of mESC-derived cardiomyocytes and might serve as a valuable tool for drug safety screening.
Introduction
Ever since the electrophysiological properties of spontaneous beating clusters of cardiomyocytes derived from embryonic stem cells (ESCs) were examined, various characteristics of the human heart have been demonstrated to be similar in this in vitro model. Not only basic electrophysiological properties such as stable spontaneous beating frequency, but also the response to cardioactive drugs was similar in electrocardiogram (ECG)-like recordings of extracellular field potentials (FPs) that have been the subject of in vitro studies [1] [2] [3] [4] . In line with these approaches, it has recently been demonstrated that ESC-derived cardiomyocytes show beat rate variability (BRV) that is similar to heart rate variability (HRV) in humans [5, 6] .
HRV describes the physiological fluctuations of the instantaneous heart rate and the physiological oscillation of the interval between consecutive heartbeats in humans [7] . It is mainly the expression of the sustained impact of the autonomic nervous system on the heart rate. Vagal and sympathetic signals continuously mediate the influence of endogenous and exogenous stimuli on HRV. Among others, respiration, blood pressure regulation and thermoregulation are capable of modifying the inter-beat interval (IBI) [8] [9] [10] . The HRV is also affected by certain cardiac and non-cardiac specific diseases. In clinical practice, the analysis of the HRV is applied to estimate the function of the autonomic nervous system and has become an important prognostic tool. It has been shown in clinical studies that depressed variability, for instance, can be a predictor of short-as well as long-term mortality after acute myocardial infarction [11, 12] . Furthermore, a study that focused on patients with chronic congestive heart failure could demonstrate that per 10 ms increase of SDNN the risk of mortality decreased by 20% [13] . Modulation of HRV, for example by pharmacological intervention, became the focus of clinical trials. Several studies investigated the effects of antiarrhythmic drugs on HRV in diseased as well as healthy individuals. Ivabradine, Verapamil and Sotalol, for instance, have been reported to increase HRV parameters in patient groups suffering from various cardiac diseases [14] [15] [16] . In contrast, Flecainide has been found to decrease HRV parameters in patients after acute myocardial infarction as well as in patients without structural heart disease [17, 18] . Other antiarrhythmic drugs, such as Amiodarone, do not induce any essential changes in standard HRV parameters [19] . There are also drugs that affect time domain measures of HRV inconsistently. Depending on the patient group, β-blockers can increase a single HRV parameter, whereas other time domain indexes are not affected [20] . Detailed information about the effects of antiarrhythmic drugs on time domain parameters of HRV is summarized in Table 1 .
In our study, we focused on the clinical aspects of HRV and transferred this knowledge to a specific in vitro model, using spontaneously contracting cardiomyocytes derived from murine embryonic stem cells (mESCs) in combination with Microelectrode Arrays (MEAs) and standard antiarrhythmic drugs. As a first approach, we found that mESCs-derived cardiomyocytes are eligible for this study, due to the high sensitivity to antiarrhythmic substances that has been reported previously by our working group [2] . The MEA technique allows to measure extracellular FPs with high temporal and spatial resolution and has not only contributed to the exploration of electrophysiological properties of contracting cardiomyocytes derived from ESCs in previous studies, but has also proved its potential to serve as an important tool for preclinical drug safety screening [2, 3, 5] . Nevertheless, whether the effect of drugs on HRV known from in vivo studies, is similar to the effect on BRV in vitro, is still unclear. The investigation of this question would contribute significantly to a better understanding of the value of this model for preclinical drug testing as well as the comparability of HRV and BRV. Primarily, we focused on time domain methods as standard and well-established analysis of HRV to describe the effects of pharmacological intervention on BRV. In addition, we used a nonlinear method (Poincaré-Plots) as supplemental tool for BRV analysis.
In the present study, we found that BRV was present in murine ESC-derived cardiomyocytes. In addition, we demonstrated that the effects of standard antiarrhythmic drugs on BRV were similar to the effects on HRV in humans.
Material and Methods

Cell Culture
Murine ESCs of the line D3 [26, 27] (αPig-44) were co-cultured with a layer of fibroblast feeder cells in culture medium consisting of Iscove´s Modified Dulbecco´s Medium (IMDM) supplemented with fetal bovine serum (FBS, 15%), non-essential amino acids (NEA, 1X), 2-Mercaptoethanol (50 µM), leukemia inhibitory factor (LIF, 1 U/µl, ESGRO ® Merck Millipore) and Geniticin (0.5 mg/ml). The mESCs were passaged three times per week.
Cell Differentiation
In order to differentiate mESC into embroid bodies (EBs), 10 6 enzymatically dissociated mESCs were cultured on a horizontal shaker for two days in differentiation medium consisting of IMDM supplemented with FBS (20%), NEA (1X), 2-Mercaptoethanol (100 µM) and Penicillin combined with Streptomycin (100 U/ml). On day 2, 10 3 EBs were transferred to separate bacterial dishes with fresh differentiation medium and placed on a horizontal shaker for further differentiation. The medium was exchanged on day 7 for the first time. The first beating EBs could usually be detected on day 8 of differentiation. If not stated otherwise, all media and reagents mentioned above were purchased from Gibco ® (Invitrogen, Karlsruhe, Germany).
Experimental Setup
Extracellular FPs were recorded using MEAs in combination with the MEA1060-Inv-BC amplifier and data acquisition system from Multichannel Systems (MCS, Reutlingen, Germany) [28] . The standard MEA chambers consisted of an internal reference electrode and 60 titanium nitride-coated gold electrodes with a diameter of 30 µm each. The electrodes were arranged in an 8x8 grid with an inter-electrode distance of 200 µm. Measurements were performed with a sampling rate of 2 kHz. A perfusion system was established using a customized perfusor (B. Braun Melsungen AG, Germany) to ensure a continuous flow of 500 µl per minute Table 1 . Effect of antiarrhythmic drugs on time domain parameters of HRV in clinical studies.↑= increase; ↓= decrease; (↓)= trend towards reduction, ↔= unchanged; SDNN= standard deviation of normal-tonormal intervals; RMSSD= square root of the mean squared differences of successive normal-to-normal intervals; NN50= number of interval differences of successive normal-to-normal intervals exceeding 50ms; pNN50= NN50 divided by the total number of normal-to-normal intervals Experimental Procedure MEA chambers were prepared by coating the electrode area with 0.1% gelatine and fibronectine (both Sigma Aldrich, Germany). Spontaneously beating EBs were usually selected on day 10 of differentiation and placed manually onto the electrode area. The EBs were kept under incubator conditions for 48 hours in order to ensure sufficient tissue attachment onto the electrodes. Consequently, all measurements were performed during the early or intermediate stage of development [29] . Prior to the experiment, the differentiation medium was replaced by IMDM. Additionally, the amount of medium was raised to 500 µl. Experiments always started with the recording of a control measurement, followed by measurements with one of the pharmacological substances. The concentration of the drug was increased after each recording. The standard recording time period for each concentration was eight minutes. As final step, a washout was performed.
Antiarrhythmic Substances
The following antiarrhythmic substances were tested (all from Sigma Aldrich, Germany): Ivabradine hydrochloride, (±)-Metoprolol, (±)-Verapamil, Flecainide acetate, (±)-Sotalol hydrochloride (all dissolved in distilled water) and Amiodaron hydrochloride (dissolved in DMSO). For the experiments the stock solutions were diluted in IMDM.
BRV-Analysis
The analysis focused on time domain-and nonlinear-methods. The standard deviation of normal-tonormal intervals (SDNN) was considered to be an expression of overall variability. The standard deviation of successive differences (SDSD), which is equivalent to the square root of the mean squared differences of successive normal-to-normal intervals (RMSSD), was rated as a parameter describing the short-term variability [7, 30] .
It has been reported that the heart rate can influence the calculation of HRV parameters. In order to remove this influence, it is recommended to divide the HRV indices by the corresponding mean normal-tonormal interval [31] . For this reason, the coefficient of variation (CV, SDNN divided by the mean normal-tonormal interval) was included into the analysis of this study.
In order to visualize the BRV, scatterplots (Poincaré-Plots) were generated. In these plots, each time interval between two successive beats (inter-beat interval (IBI n )) is plotted against the subsequent interval (IBI n+1 ). Accessorily, we added the standard Poincaré-Plot descriptors SD1 and SD2 to the scatterplots. SD1 represents a measure for short-term variability, whereas SD2 describes long-term variability. The descriptors are highly correlated with the time domain parameters [30, 32, 33] .
Data Analysis
The MEA data were analyzed with a customized macro script for the Spike2-software (Cambridge Electronic Design, Cambridge, UK) calculating all parameters mentioned above. With the purpose of eliminating artifacts and outliers, the following exclusion criteria were applied, leading to the results presented in Fig. 2-5: a) The recording of a single concentration of a measurement that differed in terms of recording time from the corresponding control measurement was excluded (as reasoned in [7] ). b) A complete measurement was excluded in case the values for SDNN and SDSD of the lowest measured concentration were < 60% of the corresponding control measurement. c) The recording of a single concentration of a measurement was excluded in case the value of one of the observed parameters differed by more than two standard deviations from the mean of all measurements with this particular concentration. d) In the case of three or more concentrations of the same measurement meeting criterion c), the complete measurement was excluded.
Data are presented as mean ± standard error of the mean (SEM). Statistical analysis was accomplished by the Wilcoxon-Test (every concentration compared to control) using SPSS software (IBM, USA). P-values ≤ 0.05 were considered statistically significant.
Results
The mean beating frequency of all measurements (n = 37) was 4.1 ± 0.2 Hz (range 1.6-7.0 Hz). The mean SDNN was 7.0 ± 1.0 ms, whereas the mean SDSD was 5.5 ± 0.6 ms. The mean CV was 0.023 ± 0.002.
All antiarrhythmic agents, except Verapamil (see below), were tested in a concentration range from 10 -10 M to 10 -4 M. Our major findings show that Verapamil, Flecainide, Sotalol as well as Ivabradine affected BRV significantly. The effects were dose-dependent. Considering the Poincaré-Plots generated for measurements without pharmacological intervention, three different shapes of scatterplots occurred most frequently (Fig. 1) .
Verapamil
The recordings of the electrical activity of cardiomyocytes within six EBs were included into the analysis (Fig. 2) . Verapamil was applied in a concentration range from 10 -10 M to 10 -5 M. The contracting areas of all EBs that were exposed to 10 -5 M Verapamil (n = 5) stopped beating during the recording period; four out of five EBs recovered after the washout. Another EB did not exhibit any observable contraction under the microscope after the recording period 
Flecainide
The class IC antiarrhythmic agent Flecainide was applied to seven EBs (Fig.  3) . Reduced beating frequency occurred at a concentration of 10 -5 M (78.0 ± 4.7% of control, p < 0.05) in all EBs (n = 7) and at a concentration of 10 -4 M (64.7 ± 8.0% of control, p < 0.05) in six out of seven EBs. It has to be noted that five out of seven measurements at a concentration of 10 -4 M Flecainide had to be stopped before the end of the recording period because of decreasing FP amplitude. When 10 -4 M Flecainide was applied, three EBs exhibited a burst-like beating pattern followed by partial recovery after washout. At the same concentration, another three EBs displayed a much more stable beating pattern compared to the corresponding control measurements, which is also expressed by much lower values for SDSD. After the washout, the values for SDSD and SDNN of these three EBs were clearly higher than the values of the corresponding control measurements. In contrast to the other antiarrhythmic agents that were tested, we found a significantly decreased short-term variability at a concentration of 10 -9 M Flecainide (SDSD 79.0 ± 8.7% of control, p < 0.05) (Fig. 3) . In addition, SDSD was markedly reduced in three EBs at 10 -7 M as well as 10 -6 M.
Sotalol
Sotalol was tested in seven EBs (Fig. 4) . All contracting clusters responded to 10 -4 M Sotalol with reduced beating frequency (84.1 ± 2.8% of control, p < 0.05) as well as increased over-all variability (SDNN 138.6 ± 10.3% of control, p < 0.05). The CV and the SDSD were not significantly affected by any of the tested concentrations.
Ivabradine
Six EBs were included into the analysis of the effect of Ivabradine (Fig. 5) . Concentrations from 10 -6 M to 10 -4 M led to a dose dependent decrease of the beating rate in all contracting Verapamil decreased the beating frequency and increased BRV parameters dose-dependently. All EBs that were exposed to 10 -5 M stopped beating before the end of the recording period (n = 5). E1-4: Poincaré-Plots of a representative measurement. E4: The enlargement of the cloud shaped by the IBIs points towards increased variability, whereas the shift of the cloud to the upper right corner of the plot indicates decreased beating frequency. Measurements performed on six EBs (n = 6) were included into the analysis. The EBs were derived from three different differentiation cultures. Each EB was measured once. * p < 0.05.
clusters. The BRV was augmented at a concentration of 10 -7 M (SDNN 207.6 ± 66.1% of control). This effect (increased variability) was even greater at concentrations of 10 -6 M and 10 -5 M. 10 -4 M Ivabradin was applied to four EBs. The recording of the electrical activity of two EBs had to be terminated early. The SDNN as well as the SDSD were reduced in three out of these four EBs in comparison to the preceding concentration. In total, the variability at 10 -4 M was still higher than in control measurements (Fig. 5) . The results presented for 10 -4 M include measurements that had to be terminated before the end of the recording period. E1-4: Poincaré-Plots of a representative measurement. The cloud formed by the IBIs becomes larger and drifts towards the upper right corner of the plot. This indicates lower beating frequency and higher variability. Note the different scaling of the plot in E4 due to the burst-like beating pattern. Measurements performed on seven EBs (n = 7) were included into the analysis. The EBs were derived from four different differentiation cultures. Each EB was measured once. * p < 0.05.
offline analysis of the MEA data allowed the investigation of complex physiological processes such as BRV.
Since the HRV has been subject to numerous in vivo studies, different methods for the analysis of the variability have been established in various clinical settings. In terms of Poincaré-Plot analysis, it has been shown that the shape of the scatterplot can be categorized and depends on the medical condition of the patient [33] . The shapes of the scatterplots that occurred most frequently in our in vitro model (Fig. 1) , are very similar to shapes that have been described previously in clinical studies [33] [34] [35] . Taking into account that the Poincaré-Plot analysis can reveal detailed information about HRV and the strong resemblance between in vitro and in vivo scatterplots, this method might be suitable for detecting similarities between the BRV of mESCs-derived cardiomyocytes and the HRV of humans.
Many clinical trials have studied the effects of various antiarrhythmic agents on HRV in patients after acute cardiac events or chronic heart diseases as well as in normal subjects (Table 1) .
Increased HRV as a result of treatment with Verapamil has been reported for patients after acute myocardial infarction [14, 21] . The importance of intracellular calcium pathways for the generation of BRV has recently been investigated in human ESC derived cardiomyocytes [6] . Consequently, the augmented BRV as a response to Verapamil in our in vitro model is consistent with clinical observations as well as in vitro studies in other species.
Flecainide has been reported to reduce time domain parameters of HRV in patients suffering from different heart diseases [17] [18] [19] . In addition to these findings in adults, case reports have been published which describe reduced fetal HRV after prenatal treatment with Flecainide [36, 37] . In line with these clinical observations, we found a reduction of shortterm variability at comparable concentrations of Flecainide. Nevertheless, as described in the results, not all EBs follow identical trends at these low concentrations. At higher concentrations (≥10 -5 M) Flecainide increased BRV markedly. Especially the irreversible effects induced by 10 -4 M lead to the assumption that Flecainide has reached toxic concentrations. The diverse reactions of the EBs may be explained by pharmacodynamic variability as it has been reported previously or by structural differences within the cell clusters [38] .
A clinical trial in patients with ventricular arrhythmias has shown that Sotalol augments time domain specific values of HRV [16] . On one side, we were able to reproduce the increase of variability in terms of SDNN. On the other side, the SDSD remained unchanged and was not affected significantly by any concentration. An explanatory approach might be the pharmacological properties of the drug. Sotalol exhibits characteristics of β-blockers and class III antiarrhythmic agents [39] . As we show in this study, β-receptor blockage does not have a striking impact on BRV. So, it is possible to assume that the potassium current, which is also affected by Sotalol, does not contribute much to the generation of BRV.
Clinical studies have documented that the administration of Ivabradine to patients suffering from nonischemic heart failure enhances time domain measures of HRV [15] . At the same time, an in vitro study, using human ESC-derived cardiomyocytes, concluded that 10 -6 M Ivabradine does not affect BRV [6] . In contrast to the experimental study, we detected a significant increase of all time domain measures when 10 -6 M Ivabradine was applied. Therefore, the results obtained from our in vitro model, basing on murine ESCderived cardiomyocytes, are in accordance with clinical observations. The effect evoked by the application of 10 -4 M Ivabradine may be explained by its pharmacological properties. At therapeutic concentrations, Ivabradine binds specifically to the funny-channel, whereas it has been reported to operate less specific, at higher concentrations [40] .
The previously published data concerning the effect of β-blockers on HRV parameters are inconsistent. Depending on the patient population, β-blockers either increase or do not affect the various time domain parameters. In our in vitro model, Metoprolol did not induce any significant changes in terms of BRV, but still generated a trend towards increased variability. Thus, our results are in accordance with clinical observations. In addition, it is interesting that a high concentration of Metoprolol (10 -4 M) had to be applied in order to lower the beating frequency significantly. However, this particular finding is supported by
Conclusion
In summary, we demonstrated that mESC-derived cardiomyocytes exhibit BRV, similar to the HRV in humans. In line with clinical observations, antiarrhythmic agents are capable of influencing BRV parameters significantly. Thus, our study emphasizes the potential of this murine ESC-based in vitro model to contribute to the exploration of basic electrophysiological properties as well as to serve as a preclinical screening tool to detect drug effects and side effects.
Limitations
It should be noted that HRV parameters in clinical settings are usually obtained from long-term recordings and under different circumstances. In addition, species-dependent differences between murine und human ESCs derived cardiomyocytes have been reported previously and should therefore be considered whenever clinical research and in vitro experiments are compared [2, 43] .
